ABSTRACT -The tetrazolium test is part of internal programs of seed quality control because it allows a quick, reliable and accurate assessment of seed viability. The purpose of this study was to determine, among the various methodologies suggested in the literature, a practical and efficient procedure for carrying out the tetrazolium test in sorghum seeds, with a view toward a rapid estimate of their viability. Four seed lots of the simple hybrid Buster were used, testing two forms of seed pre-conditioning (direct immersion in water and between moistened paper towels); two types of preparation (longitudinal cut of the seed through the embryo with immersion of one of the halves in the tetrazolium solution or placement of the two halves on filter paper moistened with tetrazolium solution); two forms of staining (on paper and with direct immersion in the solution) and three concentrations of tetrazolium solution (0.1%, 0.5% and 1.0%). The tetrazolium test may be efficiently conducted for sorghum seeds through pre-conditioning between paper towels for 18 hours at 20 °C, with immersion staining of one half of the seed in tetrazolium solution at 0.1% for three hours at 40 °C.
Introduction
Sorghum (Sorghum bicolor (L.) Moench) has become a crop choice for farmers because it is drought-resistant (Habyarimana et al., 2004; Rajarajan and Ganesamurthy, 2011; Tesso et al., 2005) , compared with maize. In Brazil, sorghum is almost exclusively grown as animal feed, in the form of pasture, silage and feed composition (Resende et al., 2011; Von Pinho et al., 2006; Von Pinho et al., 2007) .
Within the seed production process, physiological quality assessment is a key factor in determining its use (Baalbaki et al., 2009) . The interest in establishing rapid methods to determine seed viability, especially for storage and commercial purposes, led to the development of the tetrazolium test. As stated by Tunes et al. (2009) , this test is important for quality control, because it offers rapid assessment of seed viability, including dormant seeds, in less than 24 hours (Costa et al., 2007) , and this is crucial to speed up decision-making at different stages of the seed production process (Bhering et al., 2005) . Sorghum seeds may exhibit dormancy when freshly harvested, and using the tetrazolium test is really advantageous in this case because it allows for results of viability over a very short period of time when compared with the germination test, which can take up to 17 days to yield results for dormant seeds (Brasil, 2009 ). The test is based on the activity of dehydrogenase enzymes that catalyze respiratory reactions in the mitochondria, resulting in the formation of a stable and non-diffusible red compound, formazan (França-Neto et al., 1998) . Thus, it is possible to analyze seed viability by identifying the stained areas in the embryo (ISTA, 2008) .
For sorghum seeds, the literature suggests several methodologies for conducting the tetrazolium test. The Rules for Seed Testing (Brasil, 2009 ) present two ways of pre-conditioning (between paper towels or direct immersion in water), two staining procedures, different concentrations of tetrazolium solution (0.5 to 1.0% ) and several seed residence times in the solution (from three to 24 hours). The International Seed Testing Association -ISTA (ISTA, 2008) indicates direct soaking of seeds in water for 18 hours at 7 °C, followed by longitudinal cut of the embryo and ¼ of the endosperm and staining at 1.0% concentration of the tetrazolium solution for three hours. Fogaça et al. (2011) , working with some of the test variables, recommended removing the testa of sorghum seeds prior to staining. It should be emphasized, however, that this preparation can physicaly damage the tissues of the embryonic axis, and make the test procedure more time consuming.
Despite the importance of the crop, there are different recommendations in the literature for the methodology for conducting the tetrazolium test, and this hinders the choice of the most appropriate procedure. The present study aimed to determine, among the various protocols indicated in the literature, a practical and efficient method to estimate the viability of sorghum seeds by the tetrazolium test.
Material and Methods
The research was conducted at the Laboratory of Seed Analysis, Department of Plant Technology and Plant Health, Federal University of Paraná, Curitiba-PR, from July 2011 to March 2012. Four seed lots of sorghum from simple hybrid Buster (season 2009/10) were used.
The seed samples were homogenized in a centrifugal divider, based on the criteria of Rules for Seed Analysis (Brasil, 2009) . During the experimental period, the seeds were stored in Kraft paper bags under controlled environment (17 °C and 55-60% Relative Humidity), to minimize the intensity of deterioration.
The initial quality assessment of the lots was performed by determining water content and germination percentage. Water content was measured by the oven method at 105 ± 3 °C for 24 hours, using two subsamples of 5.0 g of seeds per lot (Brasil, 2009) .
The germination test was conducted with four replications of 50 seeds per plot, divided into paper towel rolls moistened with water in amounts equivalent to 2.0 times the weight of the dry substrate and kept in a germination chamber at 25 °C. Seedling assessment was performed on the 10th day after sowing (Brasil, 2009 ) and the results were expressed as the percentage of normal seedlings.
To study the tetrazolium test (TZ), four subsamples of 50 seeds per lot were used, and the following procedures were tested:
Seed pre-conditioning:
a) seeds stored between paper towels moistened with water equivalent to 2.0 times the weight of the paper for 18 hours at 20 °C (Brasil, 2009) ; b) direct immersion in 30 mL of water, placed in a glass beaker (capacity = 100 mL) for 18 hours at 7 °C (ISTA, 2008) and 20 °C (Brasil, 2009) .
After pre-conditioning, seed water content was determined by the oven method at 105 ± 3 °C (Brasil, 2009) , according to the procedure described previously. Figure 1A ) by: a) placing the two halves on a sheet of filter paper moistened with a solution of tetrazolium equivalent to 2.5 times the weight of the paper. b) discarding one half and immersing the other half in 5 mL tetrazolium solution in a plastic beaker (capacity = 50 mL).
Preparation: longitudinal bisection along the embryo and endosperm (

Staining:
a) at 30 °C (Brasil, 2009; ISTA, 2008) and 40 °C (Souza et al., 2009) , at concentrations of 0.1% (Dias and Barros, 1995) , 0.5% (Brasil, 2009 ) and 1.0% (ISTA, 2008) for three hours, for preparation a; b) at 30 °C and 40 °C at concentrations of 0.1% (Dias and Barros, 1995) for three hours, for preparation b.
After each period of staining, the seeds were kept on fi lter paper (staining on paper) or immersed in refrigerated water at 5-10 °C (immersion staining) until the time of assessment, which was performed on the same day of staining.
The viability assessment of sorghum seeds was adapted from the methodology used for maize (Dias and Barros, 1995) . Figure 1B shows the details of cutting and seed morphology of sorghum, highlighting the vital areas (coleoptile, plumule, mesocotyl, radicle, coleorhiza and scutellum region).
The following criteria were used for distinguishing seed viability by the tetrazolium test:
-viable seeds: light carmine, uniform staining, and no damage to the embryo (Figure 2A ), or with small damaged areas or dead tissue at the ends of the scutellum, without reaching the vital region ( Figure 2B) ; damage reaching the radicle and part of the scutellum, but with intact mesocotyl ( Figure 2C) ; intense red color of the embryo region, indicating further deterioration of the injured tissue, damage or discolored areas on larger regions of the end of the scutellum, as long as they do not reach the vital regions of the embryo ( Figure 2D ).
-non-viable seeds: intense staining of the embryo with discolored areas on the plumule, the region of the coleoptile and the radicle; presence of discolored areas on the plumule and radicle region, or discolored areas on the coleoptile, the radicle and part of the scutellum; damaged or discolored regions in the mesocotyl and part of the scutellum; damaged or discolored regions in the mesocotyl, radicle region, coleorhiza and part of the scutellum ( Figures 2E and 2G) ; damaged or discolored regions in the central portion of the scutellum or all of the scutellum ( Figure 2F ), or the fully discolored embryo ( Figure 2H ). Data from each test (germination and tetrazolium) were analyzed in a completely randomized design with four replications, and the means were compared by Tukey's test (p ≤ 0.05). Data for water content were not statistically analyzed.
Results and Discussion
After the initial assessment of seed quality performed by the germination test (Table 1) , the lots were classifi ed as follows: high viability (lots 1 and 2), medium viability (lot 3) and low viability (lot 4).
by the tetrazolium test conducted with seed preconditioning between paper towels. It is found that when staining is performed on paper towel at 30 or 40 °C in any of the concentrations of the tested tetrazolium solutions, it was not possible to rank the lots similarly to the germination test (Table 1) . In contrast, immersion staining (Table  3 , bottom) in the tetrazolium solution of 0.1% at 40 °C produced the same seed viability classification for the lots as that of the germination test (Table 1) , i.e., lots 1 and 2 were ranked as having the best quality, lot 3 as having intermediate viability, and lot 4 was considered to have the worst performance.
The immersion staining procedure is recommended by ISTA (2008) for sorghum seeds, but at a concentration of 1.0% at 30 °C. The results obtained in the present study revealed the possibility of using the solution with the lowest concentration (0.1%), which not only is more economical, but also allows proper staining of seed tissues, without reducing the classification of viability. Reducing the concentration of the tetrazolium solution used for staining seeds has also been suggested for other species, such as 0.075% for cotton (Cervi and Mendonça, 2009) and 0.2% for the castor oil plant (Gaspar-Oliveira et al., 2009) . Table 4 shows the results obtained with the method of seed pre-conditioning by soaking in water at 7 °C. When the two seed halves were stained on paper towel at 30 °C, in all tested tetrazolium solutions, there was no statistical difference in the lots of the experiment.
When conducting the test at a staining temperature of 40 °C, a difference was observed between lots; however, the classification of the lots at viability levels was not similar to that of the germination test (Table 1) .
When using immersion staining of half seed (Table 4 , bottom) with tetrazolium solution of 0.1% at 30 or 40 °C, it was not possible, once again, to rank the lots similarly to the germination test (Table 1) .
When using the methodology of pre-conditioning in water at 20 °C with staining on paper towels at 30 °C (Table  5 , top), only at the concentration of the tetrazolium solution of 0.5%, the classification of viability for the lots was the same as that of the germination test (Table 1 ). The placement of the two halves allows a better evaluation of seed viability because the two halves of the seed can be analyzed. The estimation of seed viability by the tetrazolium test, through the analysis of the whole embryo, was also recommended for seeds of Brachiaria (Novembre et al., 2006; Dias and Alves, 2008a) , guinea grass (Dias and Alves, 2008b) , black oat (Souza et al., 2009) , triticale (Souza et al., 2010a) and barley (Grzybowski et al., 2012) .
Data on initial water content were similar for the four lots under study, and they showed an increase of 0.8 percentage points between the highest and lowest humidity ( Table 1) . The uniformity of this variable between lots is critical for standardizing assessments and producing consistent results (Marcos-Filho, 2005) . Table 2 shows the water content of the lots after preconditioning by immersion and between paper towels. In preconditioning between paper towels, the seeds reached a lower percentage of water (values ranging from 23.6 to 26.2%) compared with treatment by immersion (range from 28.5% to 36.4%), considering the same hydration period (18 hours). Table 1 . Water content and seed germination of four lots of sorghum.
Seed lots Germination Water content Preconditioning causes softening of seeds (Schabes and Sigstad, 2006) , which facilitates the preparation and penetration of the tetrazolium solution, and activates the enzyme systems, thus resulting in a sharper color (Chamma and Novembre, 2007) . The seed must achieve a minimum water content during the preconditioning for the correct activation of the enzyme system, ensuring proper development of the stain in the tissue and reliable results (Oliveira et al., 2005) . Table 3 shows the results of the viability of sorghum seeds Table 3 . Seed viability of four lots of sorghum by the tetrazolium test, conducted with preconditioning between paper towels at 20 °C with staining on paper and by immersion, and different concentrations of tetrazolium solution.
Seed lots
Preconditioning between paper towels at 20 °C Staining on paper 30 °C 40 °C Concentrations of the solution Concentrations of the solution 0.1% 0.5% 1.0% 0.1% 0.5% 1.0% . .............................................................. %....................................................................... When preconditioning is performed by immersion in water at 20 °C, and stained by soaking seed halves (Table 5 , bottom) in the tetrazolium solution of 0.1% at 30 °C, none of the tested methodologies allowed to classify the viability of lots similarly to the germination test (Table 1) .
It was observed that among the seed preconditioning methods tested (Table 2 ), hydration at 20 °C allowed the volume of water absorbed by the seeds to enable the tetrazolium test in sorghum. Both pre-conditioning between paper towels (staining of seeds by soaking at 40 °C / 0.1% tetrazolium chloride) or by immersion (seed staining on paper towel at 30 °C / 0.5% tetrazolium chloride), the distinction of quality of the lots was similar to that of the germination test. This fact shows that these preconditioning procedures, in the tested combinations, provided activation of enzymatic metabolism, which resulted in adequate staining for assessment and classification of lots in a similar way to that obtained in the germination test (Table 1) . The use of a temperature of 20 °C for a period of 18 hours, in seed pre-conditioning by immersion or between paper towels, is also recommended to black-oat seeds, triticale and white-oat (Souza et al., 2009; Souza et al., 2010a; Souza et al., 2010b) .
The preparation of sorghum seeds in the longitudinal bisection along the embryo and endosperm with immersion staining of half seed was efficient in distinguishing seed viability, providing greater speed in preparation compared with the staining method of two halves on paper towel. It is noteworthy that staining the two halves of the sorghum seed allows the visualization of the whole seed as well as the characterization of viability. However, more time is needed to prepare the seeds to be placed on the paper towel moistened with the solution; moreover, for conducting this methodology, it is necessary to use a higher tetrazolium solution concentration (0.5%), compared with the preparation by immersion (0.1%). Figure 2 shows the tissues of sorghum seeds, after staining one half of the seed in tetrazolium solution, as well as viable seeds (Figures 2A, 2B , 2C and 2D) and non-viable seeds (Figures 2E, 2F, 2G and 2H) . It was observed that the seeds considered to be viable showed light carmine staining in the vital areas, thus there may have been a small area of dead tissue, although without affecting the embryonic axis. The non-viable seeds showed a part (including the embryonic axis) or all of the embryonic tissue discolored since there was no reduction of tetrazolium salt.
Conclusions
The tetrazolium test can be conducted in a practical and efficient way in sorghum seeds by preconditioning between paper towels for 18 hours at 20 °C with immersion staining one half of the seed in the tetrazolium solution 0.1% for three hours at 40 °C.
